tases in biology are flavoenzymes that function by concerted two-electron steps, using NAD(P)H as the electron donor to reduce an active-site flavin which in turn reduces an adjacent disulfide. [4][5][6] In contrast, FTR is unique in using a one-electron donor in the form of reduced [Fe 2 S 2 ] Fd and an active site comprising a [Fe 4 S 4 ] cluster in close proximity to an activesite disulfide. [7][8][9] Understanding the molecular role of the activesite Fe-S cluster in mediating disulfide reduction in two sequential one-electron steps and facilitating substrate reduction promises to reveal new site-specific functionality for biological [Fe 4 In this work, we report on spectroscopic (EPR, VTMCD, resonance Raman, and Mo¨ssbauer) and redox characterization of the active site of FTR in various forms of the enzyme, including wild-type FTR, point-mutation variants at each of the active-site cysteine residues, and stable analogues of the one-electron-reduced FTR-Trx heterodisulfide intermediate. The results reveal novel sitespecific Fe4S4-cluster chemistry in oxidized, one-electron-reduced, and two-electron-reduced forms of FTR. In the resting enzyme, a weak interaction between the Fe4S4 cluster and the active-site disulfide promotes charge buildup at a unique Fe site and primes the active site to accept an electron from ferredoxin to break the disulfide bond. In one-electron-reduced analogues, cleavage of the active-site disulfide is accompanied by coordination of one of the cysteine residues that form the active-site disulfide to yield a [Fe 4 S 4 ] 3+ cluster with two cysteinate ligands at a unique Fe site. The most intriguing result is that two-electron-reduced FTR in which the disulfide is reduced to a dithiol contains an unprecedented electron-rich [Fe 4 S 4 ] 2+ cluster comprising both valence-delocalized and valence-localized Fe 2+ Fe 3+ pairs. These results provide molecular level insights into the catalytic mechanism of FTR, and two viable mechanisms are proposed.
Introduction
Ferredoxin:thioredoxin reductase (FTR) is a novel type of disulfide reductase that plays a central role in light regulation of oxygenic photosynthesis in chloroplasts. 1 FTR is a heterodimer comprising a highly conserved 13-kDa catalytic subunit, which houses the [Fe 4 S 4 ] cluster and the adjacent disulfide, and a variable subunit of similar or smaller size, which shows little sequence conservation between species. 7, 8 Synechocystis sp. PCC6803 FTR has been structurally characterized in the oxidized state by X-ray crystallography at 1.6 Å resolution and was found to be a concave disk, 40-50 Å in diameter and 10 Å across at the center. 9 The cluster and disulfide are positioned near the center of the disk with putative binding sites for the [Fe 2 S 2 ] Fd on the [Fe 4 S 4 ] cluster side and for Trx on the disulfide side. 9 Crystallography confirmed the active-site structure deduced from spectroscopic and chemical modification studies of spinach FTR, 7,8,10 comprising a [Fe 4 S 4 ] cluster ligated by four cysteinyl ligands (Cys55, Cys74, Cys76, and Cys85 for Synechocystis) adjacent to an asymmetrically disposed disulfide (Cys57 and Cys87 for Synechocystis). As shown in Figure 1 , the active-site disulfide is very close to the cluster with the S atom of Cys87 3.1 Å from both a cluster Fe and the S atom of the coordinating Cys residue (Cys55) and 3.4 Å from a µ 3 -S 2-. 9 Moreover, the possibility of a weak interaction between the disulfide and the unique Fe site is suggested by the µ 3 -S-Fe-S(Cys55) angle that is opened to 129°and by Mössbauer studies. 11, 12 Spectroscopic studies of wild-type spinach FTR and a chemically modified inactive form, termed NEM-FTR, in which Cys54 (corresponding to Cys57 in Synechocystis FTR) is selectively alkylated with N-ethylmaleimide (NEM), have provided insight into the catalytic mechanism and the nature of the one-electron-reduced intermediate. 8, 10, 11 While both the oxidized (disulfide) and the two-electron-reduced (dithiol) forms of FTR contain S ) 0 [Fe 4 S 4 ] 2+ clusters, a transient S ) 1 / 2 species corresponding to a one-electron-reduced intermediate was observed via freeze-quench EPR studies on reduction with stoichiometric reduced methyl viologen and during catalytic turnover in the presence of Trx, and found to have EPR properties identical to those of oxidized NEM-FTR. 10 Hence, NEM-FTR provides a stable analogue of the one-electronreduced intermediate, thereby facilitating detailed spectroscopic characterization. The combination of UV-visible absorption, EPR, 57 Fe and 1 H electron nuclear double resonance (ENDOR), variable-temperature magnetic circular dichroism (VTMCD), resonance Raman, and Mössbauer spectroscopies have shown that NEM-FTR contains a novel type of S ) 1 / 2 [Fe 4 S 4 ] 3+ cluster with an anomalously low redox potential for the [Fe 4 S 4 ] 3+/2+ couple (E m ) -210 mV at pH 7). 8, 10, 11 The structural and redox properties, coupled with the Mössbauer characterization of oxidized wild-type spinach FTR and oxidized spinach NEM-FTR, which indicate that one-electron reduction is accompanied by site-specific oxidation at a unique Fe site of the [Fe 4 S 4 ] cluster, 11 have led to the proposal that oxidized NEM-FTR and, by analogy, the one-electron-reduced intermediate comprise a [Fe 4 S 4 ] 3+ cluster with two cysteinate ligands at the unique Fe site (Cys55 and Cys87 in Synechocystis FTR; Cys52 and Cys84 in spinach FTR). 11, 12 Hence, one-electron reduction can be formally viewed as two-electron reduction of the disulfide with concurrent one-electron oxidation of the cluster due to coordination of an additional cysteinate ligand. This provides a means of anchoring one of the active-site thiol ligands via cluster coordination (the cluster-interacting or electron-transfer thiol), while freeing the other thiol (interchange thiol) for nucleophilic attack of the Trx disulfide to form an FTR/Trx heterodisulfide intermediate. Further one-electron reduction reduces the cluster to the [Fe 4 S 4 ] 2+ state and releases the electron-transfer thiol to reform the active-site disulfide, with concomitant cleavage of the heterodisulfide and formation of the reduced dithiol form of Trx. The proposed mechanistic scheme is depicted in Figure  2 . 12 The mechanistic scheme shown in Figure 2 predicts specific and noninterchangeable roles for each of the two active-site cysteines and the existence of an FTR/Trx heterodisulfide intermediate analogous to oxidized NEM-FTR. The primary objective of this study was therefore to test these predictions by characterizing the spectroscopic and redox properties of the [Fe 4 S 4 ] clusters in variants involving site-specific mutations of each of the active-site cysteine residues and in a stable heterodisulfide complex involving FTR and an active-site cysteine variant of Trx. 13 To this end, we report EPR, VTMCD, resonance Raman, Mössbauer, and redox studies of wild-type, NEM-modified, C57S, and C87A Synechocystis FTR as well as the Synechocystis FTR/Trx m heterodisulfide complex. The results confirm the proposal of distinct and noninterchangeable roles for the active-site cysteines and the formation of an FTR/ Trx heterodisulfide complex that is a potential analogue of a one-electron-reduced catalytic intermediate, with spectroscopic and redox properties similar to those of oxidized NEM-FTR. In addition, the Mössbauer studies reveal novel site-specific [Fe 4 S 4 ] cluster chemistry in all three redox states of FTR (oxidized, one-electron-reduced, and two-electron-reduced) and raise the possibility of an alternative mechanism in which FTR is reduced by two electrons prior to interaction with Trx.
(10) Staples, C. R.; Gaymard, E.; Stritt-Etter, A. 
Experimental Methods
Protein Expression and Purification. The construction of the overexpression strains as well as the procedures used for overexpression and purification of wild-type, C87A, and C57S Synechocystis FTR, wild-type spinach FTR, and the C40S variant of spinach Trx m have been described elsewhere. 13 Sample Preparation and Handling. Recombinant wild-type spinach and Synechocystis FTR were initially purified with varying amounts of the enzyme in a form that closely resembles NEM-FTR based on EPR studies (up to 20% based on EPR spin quantitations). The EPRsilent oxidized form of recombinant FTR was generally obtained only after redox cycling the enzyme by dithionite reduction followed by O 2 oxidation. This redox-cycled form of oxidized wild-type FTR was used as the starting material for the formation of methyl viologen reduced FTR, NEM-FTR, and the heterodisulfide complex between FTR and C40S Trx m. The formation of the heterodisulfide complex was performed as described elsewhere. 13 Both C87A and C57S FTR were used in the as-purified form, and spectroscopic studies gave no indication of heterogeneity in the vicinity of the [Fe4S4] 2+ cluster. Unless otherwise indicated, all forms of FTR were in 20 mM triethanolamineHCl buffer, pH 7.3, and were handled under anaerobic conditions in a Vacuum Atmospheres glovebox under an Ar atmosphere (<1 ppm O 2).
Selective NEM modification of Cys57 of WT FTR to form NEM-FTR was carried out by reducing FTR under anaerobic conditions with a 3-fold excess of reduced methyl viologen, incubating for 30 min to ensure complete reduction of the active-site disulfide, followed by cooling on ice for 10 min and treating with a 5-fold excess of NEM for 2 min prior to quenching the reaction by exposure to air. Excess reagents were removed by gel-filtration, and the sample was concentrated by Amicon ultrafiltration using a YM10 membrane. Sample concentrations were based upon 410 Dye-mediated redox titrations were performed on NEM-FTR and the FTR/C40S Trx m heterodisulfide complex at ambient temperature (25-27°C) in a Vacuum Atmospheres glovebox under argon (<1 ppm O 2). The pH dependence of the midpoint redox potential was determined using enzyme in a buffer cocktail containing 200 mM MES, MOPS, and TAPS buffers, which allows for easy variation of the pH in the desired range (6.0-8.5). Mediator dyes were added, each to a final concentration of 50 µM, to cover the desired range of redox potentials, that is, methyl viologen, benzyl viologen, neutral red, safranin, phenosafranin, anthroquinone-1,5-disulfonate, indigodisulfonate, methylene blue, 1,2-naphthoquinone, duroquinone, and 1,2-naphthoquinone-4-sulfonate. The starting point of the titrations was the oxidized as-prepared sample, and the potential was poised by reductive titration using 10 mM dithionite in the redox titration buffer at the same pH as the protein titration mixture. Upon completion of the reductive titration, 10 mM potassium ferricyanide in the same redox titration buffer was added to return the potential to a value approximately that of the starting material to test whether the reduction was reversible and to access the extent of reoxidation. For all data points, a 0.25-mL aliquot was transferred to an EPR tube after equilibration at the desired potential, and the sample was immediately frozen in liquid nitrogen. Potentials were measured with a platinum working electrode and a saturated calomel reference electrode and are reported relative to NHE. All redox titration data have been normalized for dilution effects that occur throughout the reduction titration. To assess if cleavage of the FTR/ C40S Trx m heterodisulfide occurs concomitant with the EPR-monitored reduction of the complex, samples poised at selected potentials were removed and loaded onto a 5-mL High-Performance Q-Sepharose column under strictly anaerobic conditions inside the glovebox. in the elution profile were identified by parallel studies of the elution profiles of the oxidized FTR/Trx m complex, C40S Trx m, and wildtype FTR.
Spectroscopic Measurements. X-band (∼9.6 GHz) EPR spectra were recorded on a Bruker ESP300E spectrometer equipped with an ER-4116 dual mode cavity and an Oxford Instruments ESR-9 flow cryostat. Raman spectra were recorded with an Instruments SA U1000 spectrometer fitted with a cooled RCA 31034 photomultiplier tube, using 457-nm excitation from a Coherent Innova 10-W Ar + laser. Scattering was collected at 90°from the surface of a frozen 15 µL droplet of protein in a specially constructed anaerobic cell mounted on the coldfinger of an Air Products Displex model CSA-202E closed cycle refrigerator. 17 The spectrum of the frozen buffer solution, normalized to the intensity of the ice-band at 230 cm -1 , has been subtracted from all of the spectra shown in this work. Variabletemperature magnetic circular dichroism (VTMCD) measurements were carried out with an Oxford Instruments Spectromag 4000 split-coil superconducting magnet mated to a Jasco J715 spectropolarimeter using the published protocols. 18, 19 Mössbauer spectra were recorded using the previously described spectrometers. 20 The zero velocity refers to the centroid of the room-temperature spectra of metallic iron foil. Analysis of the Mössbauer data was performed with the program WMOSS (WEB Research).
Results
Previous spectroscopic investigations on FTR have concentrated on the oxidized and NEM-modified forms of the native and recombinant forms of the spinach enzyme. 8, 10, 11 In this manuscript, the emphasis is on spectroscopic characterization of crystallographically defined recombinant FTR from Synechocystis and selected site-specific variants, in each of their accessible redox states. Spectroscopic data of oxidized and NEM-modified Synechocystis FTR will also be presented for the purposes of establishing the commonality between the spinach and Synechocystis enzymes, and for providing references for comparison studies with those of the other forms of FTR that are characterized in this work.
Oxidized FTR. Figure 3 shows the 4.2-K Mössbauer spectra of oxidized recombinant Synechocystis FTR recorded in a weak magnetic field of 50 mT (A) and a strong field of 6 T (B) applied parallel to the γ beam. The presence of a unique Fe site in the [Fe 4 S 4 ] cluster is readily observable as a prominent shoulder on the side of the high energy line of both spectra. Similar to oxidized recombinant spinach FTR, 11 these spectra can be interpreted as superpositions of three spectral components with an intensity ratio of 1:1:2, corresponding to three distinct Fe sites, a, b, and c ( [21] [22] [23] [24] The doubled absorption intensity determined for site c indicates further that it represents a valence-delocalized Fe 2+ Fe 3+ pair within the cluster. Site a, however, with its larger δ and ∆E Q , represents a unique Fe site with atypical coordination environment. Based on the X-ray crystallographic structure determined for Synechocystis FTR, 9 site a is assigned to the Fe atom coordinated to residue C55 (C52 for spinach FTR). This Fe atom and the coordinated cysteinyl-S atom are in van der Waals contact (3.1 Å) with one of the S atoms that form the activesite disulfide (C57 and C87), see Figure 1 , resulting in an iron site having a distorted tetrahedral coordination, 9,11,12 and thus increased ∆E Q . We have suggested that this interaction between the unique Fe and the active-site disulfide is of mechanistic importance: 11 It promotes charge buildup at the unique Fe site (and therefore the increased δ value), making it an electron donor, and polarizes the disulfide bond, making the interacting S of C87 an electron acceptor. The resting enzyme is therefore primed to accept an electron for the breaking of the disulfide bond.
The resonance Raman spectrum of the oxidized recombinant Synechocystis FTR ( Figure 4A ) is very similar to that reported and assigned for the native spinach enzyme as purified, 8 The electronic relaxation rate of NEM-FTR at high temperatures (above 200 K) is comparable to the 57 Fe nuclear precession rate, resulting in an extremely broad, asymmetric, and poorly defined doublet. This has prevented us from obtaining an accurate measure of the ∆E Q and δ values. In the analysis, the ∆EQ values were restricted within a range (0.8-1.2 mm/s) that is not in conflict with the high-temperature data. To further reduce the number of parameters, the magnetic hyperfine A tensors for the three Fe sites were assumed to be axial. With these assumptions, the uncertainties for the δ values were estimated to be (0.02 mm/s. The uncertainties of the A values were estimated by varying each A value separately while keeping all other parameters fixed. All samples were ∼3 mM in FTR, and all spectra were recorded at 17 K using 457.9-nm laser excitation with ∼200 mW laser power at the sample. Each scan involved photon counting for1sat 1cm -1 increments with 7 cm -1 bandwidth, and each spectrum is the sum of 80-100 scans. For all spectra, the vibrational modes originating from the frozen buffer solution have been subtracted after normalizing the intensities of the "ice-band" at 231 cm -1 . disulfide is suggested by changes in the resonance Raman spectra of the [Fe 4 S 4 ] 2+ center in oxidized FTR as compared to the spectra of the [Fe 4 S 4 ] 2+ centers in the as-purified C87A variant and dithionite-reduced C57S variant, see Figure 4 .
Oxidized NEM-FTR. One of the cysteine residues forming the active-site disulfide (Cys54 in spinach FTR and Cys57 in Synechocystis FTR) becomes solvent exposed on reduction and hence can be selectively alkylated by NEM in methyl viologenreduced FTR, resulting in the formation of NEM-FTR. In contrast to oxidized wild-type FTR, which is EPR silent, NEM-FTR shows an intense near-axial S ) 1 / 2 EPR signal in the oxidized (as-purified) form. 8,10 Figure 5A shows the 35-K EPR ( Figure 6A) In oxidized NEM-FTR, the active-site disulfide bond has been cleaved by a two-electron reduction, and, as indicated by the above-mentioned spectroscopic data, the [Fe 4 S 4 ] cluster is in the 3+ state. Consequently, oxidized NEM-FTR is one-electron more reduced than the resting enzyme. Previous investigations have shown that S ) 1 / 2 EPR signals analogous to that of oxidized NEM-FTR were observed as transient species in spinach FTR during catalytic turnover and during reduction with substoichiometric amounts of reducing agent. 10 On the basis of these observations, it has been suggested that NEM-FTR provides a stable analogue of a one-electron-reduced catalytic intermediate in the enzymatic cycle. 10 Furthermore, the difference in solvent accessibility of the two thiols of the active-site disulfide has led to the proposal that the more exposed thiol (Cys57 in Synechocystis), termed the interchange thiol, is responsible for attacking the substrate disulfide, while the less exposed thiol (Cys87 in Synechocystis), termed the clusterinteracting thiol, interacts with the nearby [Fe 4 S 4 ] cluster, resulting in a novel cluster with five cysteine ligands. The observed anomalous structural, electronic, and redox properties for the [Fe 4 S 4 ] 3+ center in oxidized NEM-FTR were thus attributed to coordination of the cluster-interacting cysteine, Cys87, to the Fe 4 S 4 cluster. 10 The binding site for the fifth All samples were ∼3 mM in FTR, and all spectra were recorded at 17 K using 457.9-nm laser excitation with ∼175 mW laser power at the sample. Each scan involved photon counting for 1 s at 1 cm -1 increments with 7 cm -1 bandwidth, and each spectrum is the sum of 70-100 scans. For all spectra, the vibrational modes originating from the frozen buffer solution have been subtracted after normalizing the intensities of the "ice-band" at 231 cm -1 .
( (Figure 8 ) that are consistent with a paramagnetic S ) 1 / 2 electronic ground state. These spectra are very similar to those observed for oxidized spinach NEM-FTR 11 and, as reported for the spectra of the spinach enzyme, can also be decomposed into three components with an intensity ratio of 1:1:2. This intensity ratio, together with the parameters (Table 1) 
This distinction between the two ferric sites is most obvious in the 8-T spectrum ( Figure 8C ) in which the corresponding spectral components, a and b, are clearly resolved in the region between +3 and +4 mm/s. Moreover, our detailed analysis of these field-dependent spectra yielded different δ values for the two ferric sites (Table 1) Figure 5B shows the 35-K EPR spectrum of the FTR/C40S Trx m heterodisulfide complex. The spectrum is very similar to that of NEM-FTR shown in Figure 5A and exhibits a nearaxial S ) 1 / 2 EPR signal with g ) 2.11, 1.99, and 1.97. This signal accounts for approximately 1 spin per molecule of the complex. As mentioned above, the [Fe 4 S 4 ] 3+ cluster in NEM-FTR displays atypical electronic relaxation behavor that allows its EPR signal to be observed up to 150 K. Similarly, the EPR signal of the FTR/Trx m complex can also be observed up to 150 K without significant broadening. The VTMCD spectrum of the heterodisulfide complex ( Figure 6B ) displays a complex pattern of temperature-dependent bands that is very similar to that of oxidized NEM-FTR ( Figure 6A ) and exhibits similar temperature and magnetic-field dependence. Not surprisingly, Table 1 . This NEMreacted sample contains approximately 12% methyl viologen-reduced FTR (starting materials). For clarity, the contribution from the reduced FTR has been removed from the raw data using spectra simulated with parameters listed in Table 1 for the reduced FTR-C57S.
the resonance Raman spectrum of the FTR/Trx heterodisulfide complex ( Figure 7B ) also shows Raman bands that are very similar to those detected for NEM-FTR ( Figure 7A ), in both intensities and frequencies. To further establish the similarities between the clusters in oxidized NEM-FTR and in FTR/C40S Trx m heterodisulfide complex, Mössbauer spectra of the heterodisulfide complex were recorded over a wide range of magnetic fields (50 mT to 8 T) for a detailed characterization of the distinguishable Fe sites present in the cluster of the heterodisulfide complex. Within experimental uncertainties, the field-dependent Mössbauer spectra of the heterodisulfide complex were found to be identical to those of NEM-FTR. Because the spectra of the three distinct Fe sites (a, b, and c) are best resolved in an applied field of 8 T, we present, in Figure 9 , the 4.2-K 8-T Mössbauer spectrum of the heterodisulfide complex ( Figure 9B ) in comparison with the corresponding spectrum of NEM-FTR ( Figure 9A ). Clearly, it can be seen that the two spectra are identical. Thus, the overwhelming spectroscopic evidence presented here has firmly established that the electronic structures of the [Fe 4 S 4 ] cluster in oxidized NEM-FTR and in the FTR/C40S Trx m heterodisulfide complex are identical, strongly supporting the suggestion that NEM-FTR represents a stable analogue of the one-electron-reduced FTR/Trx heterodisulfide complex in the proposed mechanistic pathway ( Figure  2 ).
C57S and C87A Variants of Synechocystis FTR. To obtain further information on the specific roles played by the two cysteine residues of the active-site disulfide, site-specific Synechocystis FTR variants of these two residues (Cys57 and Cys87) have been expressed in E. coli, purified, and characterized by a variety of biochemical methods and UV-vis absorption spectroscopy. 13 Substitutions at either Cys57 or Cys87 result in inactive enzymes, establishing that both residues are essential for FTR function. 13 In accord with distinct roles for each of the two active-site cysteines, the oxidized (as purified) forms of the C87A and C57S variants were found to exhibit UV-vis absorption spectra typical of [Fe 4 S 4 ] 2+ and [Fe 4 S 4 ] 3+ centers, respectively. 13 Here, we present the resonance Raman spectrum, the 35-K EPR spectrum, the VTMCD spectra, and the 4.2-K 8-T Mössbauer spectrum of oxidized Synechocystis C57S FTR, respectively, in Figures 5C, 6C In accord with the UV-vis absorption spectroscopy, 13 the resonance Raman spectrum of Synechocystis C87A FTR as purified ( Figure 4B ) shows vibrational bands indicative of [Fe 4 S 4 ] 2+ cluster. The spectrum is very similar to that of oxidized Synechocystis FTR ( Figure 4A ), and the only significant difference lies in a 5-cm -1 upshift in the highest frequency Fe-S stretching band, which is centered at 393 cm -1 in the C87A variant. This band is broad due to the overlap of two Fe-S stretching modes, an asymmetric stretching mode of the Fe 4 S 4 core and the symmetric Fe-S(Cys) stretching mode, 8 and the change in frequency is likely to reflect greater resonance enhancement of the higher energy symmetric Fe-S(Cys) stretching mode. This would be consistent with more symmetrical cluster ligation in the C87A variant due to loss of the interaction with active-site disulfide. However, the identical frequencies for the Fe-S stretching modes of the [Fe 4 S 4 ] 2+ core in wild-type and C87A FTR (asymmetric modes at 252 and 283 cm -1 and symmetic (breathing) mode at 337 cm -1 ) indicate that loss of the active-site disulfide has no significant effect on the structure of the Fe 4 S 4 core.
The Mössbauer spectrum of C87A FTR recorded at 4.2 K in a weak magnetic field of 50 mT (Figure 10) Figure  3A) , the prominent shoulder observed in the high-energy line of the wild-type spectrum is almost invisible in the spectrum of the C87A FTR. To obtain a quantitative comparison with the wild-type FTR, the spectrum of the variant is analyzed also by assuming that it is a superposition of three quadrupole doublets with an intensity ratio of 1:1:2 corresponding to the three Fe sites, a, b, and c. (However, it should be noted that such a decomposition of the variant spectrum is not unique. The lack of resolution of the variant spectrum prohibits a unique decomposition of the spectrum.) The resulting parameters are listed in Table 1 , and the corresponding theoretical simulations are shown in Figure 10 . In comparison with the parameters of the wild-type FTR, the parameters obtained for sites c are Thus, on the basis of such an analysis, it is concluded that the C87A substitution has the effect of equalizing the charge distribution between sites a and b, resulting in a reduction of the ferrous character of the unique Fe site a making it more ferric like. This conclusion is consistent with the proposal that interaction between the cluster and the active-site disulfide (via Cys87) promotes the observed charge buildup at the unique Fe site in the resting enzyme. C57S FTR can be reduced by dithionite, and the reduced protein shows optical spectra characteristic of a [Fe 4 S 4 ] 2+ cluster. 13 Thus, the reduced C57S FTR provides an ideal system for studying the interaction between the [Fe 4 S 4 ] 2+ cluster and the Cys87 residue free of restrictions caused by the disulfide bonding. The resonance Raman spectrum of reduced C57S shown in Figure 4C confirms the presence of a [Fe 4 S 4 ] 2+ cluster. Moreover, the marked changes in the frequencies and relative intensities of Raman bands, as compared to the [Fe 4 S 4 ] 2+ centers in oxidized FTR which has the disulfide intact (see Figure 4A ) and C87A FTR which lacks both the disulfide and the clusterinteracting Cys87 (see Figure 4B) , suggest that significant changes in cluster ligation and core structure are associated with having Cys87 as a free thiol in close proximity to the cluster. For example, the symmetric (breathing) mode of the Fe 4 S 4 core is no longer the most intense resonance Raman band in reduced C57S FTR and is shifted to 335 cm -1 , as compared to 337 cm -1 in oxidized wild-type and C87A FTR, while the asymmetric Fe-S(Cys) stretching mode becomes the most intense band and is shifted to 356 cm -1 , as compared to 360 cm -1 in wild-type and C87A FTR, see Figure 11A ) shows a resolved outer quadrupole doublet that accounts for approximately 25% of the total Fe absorption. This outer doublet exhibits parameters (∆E Q ) 2.52 mm/s and δ ) 0.67 mm/s) that are indicative of a tetrahedral sulfur-coordinated high-spin (S ) 2) ferrous center. The 8-T spectrum ( Figure 11B) shows that both doublets originate from a diamagnetic S ) 0 ground state, indicating unambiguously that the high-spin ferrous ion is an integral part of a diamagnetic Fe cluster. The percent absorption of this ferrous site further suggests that it represents one single Fe site of a [Fe 4 S 4 ] 2+ cluster. Taken together, the data establish that the reduced C57S FTR contains a novel [Fe 4 S 4 ] 2+ cluster with a valence-localized high-spin ferrous site. In line with assumptions used for analyzing the spectra of other S ) 0 [Fe 4 S 4 ] 2+ clusters in FTR, the spectra of reduced C57S FTR are also least-squares fitted with three quadrupole doublets of an intensity ratio of 1:1:2 corresponding to sites a, b, and c. The high-spin ferrous site is assigned to site a. The results are listed in Table 1 . By comparing these parameters obtained for reduced C57S FTR with those of the as-purified wild-type FTR and C87A FTR, the effect of Cys87 on the charge distribution of the [Fe 4 S 4 ] 2+ cluster in FTR can be clearly seen. The δ value of the unique Fe site a is observed to increase progressively from a minimum value of 0.51 mm/s in C87A FTR, in which Cys87 has been substituted by alanine, to a medium value of 0.54 mm/s in the as-purified FTR, in which Cys87 forms a disulfide with Cys57, and to a maximum value of 0.67 mm/s in reduced C57S FTR, in which Cys87 is free of disulfide bonding. Concomitantly, a gradual Table 1 . Table 1 .
Mössbauer studies of reduced C57S FTR revealed that the presence of Cys87 as a free thiol in close proximity to the [Fe 4 S 4 ] 2+ center has a dramatic effect on the electronic properties of the cluster. Figure 11 shows the 4.2-K Mössbauer spectra of decrease in the δ value of site b is observed (from 0.43 mm/s in C87A FTR, to 0.39 mm/s in as-purified FTR, to 0.35 mm/s in reduced C57S FTR). These data establish clearly that an interaction between the Cys87 residue and the [Fe 4 S 4 ] 2+ cluster is indeed present in FTR and that the effect of this interaction is to polarize the charge distribution between the two Fe ions (sites a and b) of one of the two Fe 2+ Fe 3+ mixed-valence pairs. In reduced C57S FTR, the residue Cys87 is free of disulfide bonding and thus the interaction is observed to generate a maximum effect, resulting in a novel [Fe 4 S 4 ] 2+ cluster with a valence-localized Fe 2+ Fe 3+ pair. In the as-purified enzyme, this interaction is weakened by bonding of Cys87 to Cys57, resulting in only a partial localization of the valence electron and ending with a charge buildup at the unique Fe site a. In C87A FTR, replacing Cys87 with a nonpolar alanine further diminishes the strength of the interaction between residue 87 and the cluster, resulting in an additional reduction of the charge difference between sites a and b. Interestingly, the valence-delocalized Methyl Viologen-Reduced FTR. In the preceding section, dithionite-reduced C57S FTR has been shown to contain an unprecedented electron-rich [Fe 4 S 4 ] 2+ cluster composed of a valence-localized and a valence-delocalized Fe 2+ Fe 3+ mixedvalence pair. Because our spectroscopic data have also established that the as-purified C57S FTR represents a stable analogue of a one-electron-reduced FTR intermediate (see above), the dithionite-reduced C57S FTR must represent an analogue of two-electron-reduced FTR. In wild-type FTR, the active-site disulfide can be reduced by methyl viologen, but not by dithionite. 35 Moreover, reduced methyl viologen can function as the electron donor for catalytic turnover of FTR, 35 and the methyl viologen-reduced enzyme exhibits an optical spectrum indicative of a [Fe 4 S 4 ] 2+ cluster and can form heterodisulfide complexes with Trx substrates. Thus, the methyl viologenreduced FTR is likely to represent a catalytically competent twoelectron-reduced form of FTR. To investigate whether the novel state of the [Fe 4 S 4 ] 2+ cluster detected in reduced C57S FTR has any functional relevance, resonance Raman and Mössbauer spectroscopies were used to characterize methyl viologenreduced FTR. The resonance Raman spectrum of Synechocystis FTR reduced with a 10-fold excess of reduced methyl viologen was identical to that shown in Figure 4C for dithionite-reduced C57S FTR, except for additional bands originating from excess reduced methyl violgen (data not shown). Figure 12A shows the Mössbauer spectrum (hatched marks) of spinach FTR reduced with a 3-fold excess of reduced methyl viologen recorded at 4.2 K in a 50-mT applied field. Detailed analysis of the spectrum shows that the sample contains approximately 14% as-purified FTR (i.e., enzyme that has not been reduced by methyl viologen). Removal of the contribution of the aspurified FTR (solid line in Figure 12A ) from the raw data results in a spectrum representing the methyl viologen-reduced enzyme ( Figure 12B ). This spectrum is very similar to that observed for the reduced C57S FTR ( Figure 11A ). Most importantly, a resolved outer quadrupole doublet, typical of tetrahedral sulfurcoordinate high-spin ferrous ions and accounting for ∼25% of the Fe absorption, is clearly observable. This spectrum can also be least-squares fitted with three quadrupole doublets with an intensity ratio of 1:1:2. The resulting parameters are listed in Table 1 Figure 13A shows redox titrations of Synechocystis NEM-FTR performed at pH 7.0 and pH 8.0 monitored by the intensity of the g ) 2.11 EPR signal. The reduction-oxidation process at these pH values was found to be fully reversible. The solid lines shown in Figure 13A are least-squares fits to the data using a one-electron Nernst equation with midpoint potentials using a high-performance Q-Sepharose column. Samples were loaded onto the column at low salt, and protein fractions were eluted with a 0.0-0.5 M NaCl gradient. Elution profiles for samples poised at +100 mV, -85 mV (estimated midpoint potential of the complex at pH 7.3), and -400 mV are shown in Figure 14 , and protein bands were identified by parallel chromatographic studies with oxidized forms of FTR, C40S Trx m, and the FTR/C40S Trx m heterodisulfide complex. The data unambiguously demonstrate that one-electron reduction of the complex with a midpoint potential of -60 ( 10 mV (pH 7.0) and -110 ( 10 mV (pH 8.0) results in the reversible cleavage of the heterodisulfide resulting in the ability to chromatographically separate FTR and Trx m. Hence, the protonation site is likely to be the thiolate that is generated on C40S Trx m on cleavage of the heterodisulfide.
Discussion
The primary objective of the spectroscopic studies of FTR reported herein was to evaluate the underlying assumptions of the mechanistic hypothesis shown in Figure 2 for [Fe 4 S 4 ]-clustermediated disulfide reduction in two sequential one-electron steps. This scheme proposes distinct, noninterchangeable roles for cysteines of the active-site disulfide, site-specific cluster chemistry in the oxidized and one-electron-reduced intermediate, and the existence of a stable one-electron-reduced FTR/Trx heterodisulfide intermediate that undergoes further one-electron reduction leading to the reformation of the active-site disulfide and release of reduced Trx. These proposals have been comprehensively assessed via EPR, VTMCD, resonance Raman, Mössbauer, and redox studies of wild-type and NEM-modified forms of FTR, site-specific variants of each of the active-site cysteines, and of a heterodisulfide complex involving FTR and the C40S variant of Trx m.
The properties of the C57S and C87A FTR variants as compared to those of wild-type and NEM-modified FTR clearly This observed negative shift of the redox potential by approximately 60 mV/pH unit with increasing pH indicates that the one-electron reduction of NEM-FTR is coupled with the uptake of one proton. The protonation site is likely to be Cys87, because one-electron reduction of the [Fe 4 S 4 ] 3+ cluster in NEM-FTR is proposed to result in cleavage of the Fe-S(Cys87) bond, see Figure 2 . EPR redox titrations of Synechocystis C57S FTR showed the same redox properties as Synechocystis NEM-FTR, that is, one-electron redox process with E m )-145 ( 10 mV at pH 7.0 and -200 ( 10 mV at pH 8.0 (data not shown). An earlier EPR redox titration study of the spinach NEM-FTR reported a more negative redox potential of -210 ( 10 mV at pH 7. 8 Analogous dye-mediated EPR-monitored redox titrations were also performed with the wild-type Synechocystis FTR/C40S Trx m heterodisulfide complex at pH 7.0 and 8.0, see Figure 13B . At both pH values, the titrations were fully reversible and the data were fit using a one-electron Nernst equation with midpoint reduction potentials of E m )-60 ( 10 mV (pH 7.0) and -110 ( 10 mV (pH 8.0). While the potentials are ∼90 mV higher than for Synechocystis NEM-FTR, the pH-dependence again indicates that one-electron reduction is coupled with the uptake of one proton. The mechanistic scheme shown in Figure 2 proposes that one-electron reduction of the [Fe 4 S 4 ] 3+ clustercontaining heterodisulfide intermediate results in cleavage of the Fe-S(Cys87) bond and concomitant reformation of the FTR disulfide coupled with cleavage of the heterodisulfide. Hence, the status of the heterodisulfide during a parallel dye-mediated redox titration at pH 7.3 was assessed by anaerobic chromatographic separation of FTR, C40S Trx m, and the FTR/C40S Trx m heterodisulfide complex for samples poised at selected demonstrate distinct roles for the cysteine residues of the activesite disulfide. Both the C57S and the C87A variants are inactive, indicating that both cysteines of the active-site disulfide are essential for catalytic activity. 13 Figure 2 , the mutagenesis results, therefore, identify Cys87 as the cluster-interacting thiol and demonstrate that Cys57 cannot assume this role in the C87A variant. In addition, the ability of C87A, but not C57S FTR, to form a heterodisulfide complex with active-site variants of Trxs, 13 identifies Cys57 as the interchange thiol responsible for attacking the Trx disulfide.
The spectroscopic properties of the C87A variant also support the proposal for a weak interaction between the active-site disulfide and the unique Table 1 , is likely to be a consequence of the anomalous coordination geometry at the unique Fe site (see Figure 1) . Hence, the interaction between the cluster and the active-site disulfide (via Cys87) promotes the observed charge buildup at the unique Fe site in the resting enzyme and primes the active-site for one-electron reduction leading to cleavage of the disulfide and attachment of Cys87 at the unique Fe site. 11 Characterization of the oxidized form of the wild-type FTR/ C40S Trx m heterodisulfide complex reveals a form of FTR that is spectroscopically indistinguishable from oxidized NEM-FTR. This observation is entirely consistent with the proposal for a one-electron-reduced heterodisulfide intermediate containing a [Fe 4 S 4 ] 3+ cluster in which Cys87 is ligated to yield a fivecoordinate Fe site and Cys57 is part of the heterodisulfide, see Figure 2 . Moreover, the viability of this species as a stable analogue of the one-electron-reduced catalytic intermediate is confirmed by redox studies, which reveal that one-electron reduction of the FTR/C40S Trx m heterodisulfide complex (E m ) -60 ( 10 mV at pH 7.0 and -110 ( 10 mV at pH 8.0) results in cleavage of the heterodisulfide coupled with protonation of free thiolate on C40S Trx m. Parallel redox studies of NEM-FTR show a similar one-electron reduction, albeit at lower potentials (E m ) -145 ( 10 mV at pH 7.0 and -200 ( 10 mV at pH 8.0) due to increased solvent exposure at the active site in the absence of Trx, and in this case the pH dependence is attributed to release and protonation of Cys87 on reduction. Taken together, these redox results suggest that cleavage of the heterodisulfide occurs via reductive release of Cys87 and subsequent nucleophilic attack of the heterodisulfide by Cys87, resulting in cleavage of the heterodisulfide and reformation of the active-site disulfide, as shown in Figure 2 .
Interestingly, a much lower redox potential (E m ) -280 mV at pH 7.0) was determined for cleavage of the heterodisulfide in the Synechocystis wild-type FTR/C40S Trx m heterodisulfide complex using dithiothreitol (DTT), a two-electron reductant that is particularly effective in cleaving disulfides. 13 These redox titrations involved poising samples of the heterodisulfide complex at specific potentials using mixtures of oxidized and reduced DTT and assessing cleavage of the heterodisulfide using native gel electrophoresis to separate FTR, Trx, and the FTR/ Trx heterodisulfide complex. The difference in potentials presumably reflects the efficacy of cleaving the heterodisulfide with a one-electron donor via reduction of the [Fe 4 S 4 ] 3+ cluster as compared to direct two-electron cleavage of the heterodisulfide using dithiol/disulfide chemistry. This rationalization of the redox properties has since been verified by subsequent experiments in which the cleavage reaction of the heterodisulfide using a 2500-excess of reduced DTT showed a long lag phase of about 50 min before a separation of the proteins, accompanied by a change in absorption properties of the [Fe 4 S 4 ] 3+ cluster, is observed (unpublished observations). The high potential for the one-electron reduction and cleavage of the heterodisulfide in the oxidized FTR/C40S Trx m complex (E m ) -110 ( 10 mV at pH 8.0, the physiological pH of light-adapted chloroplasts) suggests that the second reducing equivalent used by FTR need not be derived from reduced Fd and may not require a specific electron donor. This is in accord with the observation that ferredoxin is not obligatory for cleaving the heterodisulfide and that other potential physiological electron donors such as a NADPH and ferredoxin:NADP + reductase can act as effective reductants in vitro. 13 The most interesting and unexpected result to emerge from these spectroscopic studies of FTR concerns the properties of the [Fe 4 S 4 ] 2+ cluster in the two-electron-reduced form of FTR. Reduced methyl viologen is known to reduce the active-site disulfide and is a catalytically competent reductant for FTR. 35 Both Mössbauer and resonance Raman studies confirm the presence of a S ) 0 [Fe 4 S 4 ] 2+ cluster in methyl viologen-reduced FTR, with Mössbauer revealing an unprecedented type of electron-rich [Fe 4 S 4 ] 2+ cluster composed of both valencelocalized and valence-delocalized Fe 2+ Fe 3+ pairs and resonance Raman indicating significant structural changes in the ligation and core structure of the cluster as compared to the [Fe 4 S 4 ] 2+ clusters in oxidized forms of FTR. A species with analogous Mössbauer and resonance Raman properties is also observed in the dithionite-reduced C57S FTR, which can be regarded as a two-electron-reduced analogue that is lacking Cys57. Moreover, the pH-dependence of the redox potentials of NEM-FTR and C57S FTR strongly suggests that Cys87 dissociates and becomes protonated on one-electron reduction. Hence, the unique properties of the [Fe 4 S 4 ] 2+ cluster in two-electronreduced forms of FTR are likely to result, at least in part, from the presence of a free thiol (Cys87) in close proximity to the cluster. Our interpretation of the anomalous properties of the [Fe 4 S 4 ] 2+ cluster in two-electron-reduced FTR is that they
